chrony with simultaneously measured repetitive calcium
Introduction
How is this important class of enzymes activated? Similar to other serine/threonine kinases, the activity of Receptor-mediated signal transduction processes uticPKC isoforms is kept low in a basal state by a pseudolize the same signaling proteins and second messengers substrate sequence that is localized at the N terminus to induce different cellular functions. The fundamental of cPKC as part of a variable region (V1-domain; Pears question then arises of how specificity can be achieved and Parker, 1991). Lipid vesicle binding studies have for a particular signaling pathway. This question is paridentified the nearby tandem C1-(C1 2 -) and single C2-ticularly relevant for the second messengers calcium domains as the interaction sites for diacylglycerol and and diacylglycerol that are generated by the activation calcium, respectively. It has been proposed that activaof numerous receptor stimuli and that jointly mediate tion of cPKC isoforms is the result of binding of calcium cell functions that range from gene expression, secreand diacylglycerol to these domains, which in turn retion, and cytoskeletal restructuring to cell migration and leases the pseudosubstrate inhibitory domain (reviewed cell growth. Our study tests the hypothesis that the temin Newton, 1995; Quest, 1996; Hurley and Gobler, 1997 Quest, 1996) and have a slower rate of proselectively activate cPKC isoforms. We showed that duction (Oancea et al., 1998).
GFP-tagged PKC␥ as well as GFP-tagged minimal C1 2 -The frequency of calcium spikes or calcium oscillaand C2-domains all translocated to the plasma memtions can be of critical importance for the induction of brane in response to hormonal stimuli. The translocation selective cellular functions. Evidence for such a role of of C2-GFP was regulated by calcium and the translocarepetitive calcium spikes was found for the activation tion of C1 2 -GFP by diacylglycerol. For low amplitude receptor stimuli, PKC␥-GFP and C2-GFP oscillated between the plasma membrane and the cytosol in syn- spikes. Surprisingly, while the diacylglycerol DiC8 effeccPKC isoforms is defined by three key features: (1) sequential plasma membrane-binding interactions of the tively translocated C1 2 -GFP to the plasma membrane, it had no measurable effect on full-length PKC␥-GFP.
C2-, V1-, and C1 2 -domains that result from the calcium binding to the C2-domain, the opening of the V1-clamp, Furthermore, the phorbol ester-induced translocation of PKC␥-GFP to the plasma membrane required more and the diacylglycerol binding to the C1 2 -domain; (2) a delayed activation of cPKC by diacylglycerol and calthan 100 s compared to a few seconds for the minimal C1 2 -GFP alone. This marked delay and suppression in cium signals; and (3) a prolonged activity of cPKC after termination of a calcium spike. These features enable translocation suggests that the diacylglycerol-binding site is initially inaccessible in PKC␥. Deletion of the V1-cPKC isoforms to reject calcium or diacylglycerol signals that are triggered separately and to be only minidomain, which contains the pseudosubstrate motif, accelerated plasma membrane translocation, showing that mally and reversibly activated by diacylglycerol signals combined with low-frequency and short calcium spike. it is the clamping of the V1-domain to the catalytic domain that makes the diacylglycerol-binding site inaccesIn contrast, diacylglycerol signals combined with highfrequency calcium spikes can gradually increase cPKC sible. Interestingly, the V1-domain had also a plasma membrane binding capability, since PKC␥ with a deleted activity to a maximal sustained level. catalytic domain was prelocalized to the plasma membrane in the absence of calcium and diacylglycerol. This Results suggests that diacylglycerol binding to the C1 2 -domain requires an opening of the V1-clamp and an interaction C1 2 -and C2-Domains of PKC␥ Act as Individual Plasma Membrane-Binding Modules of the V1-domain with the plasma membrane.
When PKC␥-GFP was translocated to the plasma We investigated the calcium-and diacylglycerol-mediated activation of PKC␥ by comparing the translocation membrane during repetitive calcium spiking, its binding to phorbol ester or diacylglycerol was still delayed, albeit of GFP-tagged PKC␥ (PKC␥-GFP) to that of its diacylglycerol-binding domain (C1 2 -GFP) and of its calciumthe time required for binding was much shorter (10 s). Once activated by diacylglycerol, PKC␥-GFP was rebinding domain (C2-GFP). The GFP constructs were cloned into a vector optimized for RNA transfection tained at the plasma membrane by diacylglycerol for a time period of 8 s, even after the termination of a calcium (Yokoe and Meyer, 1996) , and the size of the expressed proteins was verified by in vitro translation and SDSspike. While the initial delay in diacylglycerol binding provides a mechanism to suppress PKC␥ activation for PAGE analysis ( Figure 1A ). An earlier study has shown that a C-terminal GFP tag does not affect the catalytic low-frequency calcium spikes, the retention of PKC␥-GFP at the plasma membrane after the termination of activity and the cofactor dependence of PKC␥ (Sakai et al., 1997). a calcium spike provides a mechanism for prolonging and integrating PKC␥ activity. Thus, the activation of Figure 1B shows images of antigen-stimulated RBL cells expressing PKC␥-GFP. The three images were When the transfected cells were stimulated in the absence of extracellular calcium, the oscillations in the taken 10, 35, and 50 s after stimulation and show cell specific differences in the time courses of plasma memplasma membrane translocation of C2-GFP could still be observed, although they typically stopped after a brane translocation of PKC␥-GFP. Antigen-stimulation of IgE receptors (Fc⑀RI) was used for phospholipase C␥ time period of 200 s or less ( Figure 2C) Figure 1D) . For the first model in Figure 3A , PKC␥ could be in an "inside/ inside" configuration where neither the calcium-nor the the maximal receptor stimuli shown in the three examples, translocation often had an initially oscillatory apdiacylglycerol-binding sites would face the outside of the protein. This conformation would require conformapearance that was then followed by a persistent plasma membrane localization. These rapid oscillatory localizational changes before diacylglycerol or calcium could bind. In a second model, the calcium-and diacylglyctions were not observed for C1 2 -GFP ( Figure 1E ). Instead, C1 2 -GFP gradually translocated to the plasma erol-binding sites could be in an "outside/outside" configuration in which both domains could rapidly bind membrane over a 50-200 s long time period, suggesting that it binds to the plasma membrane in response to their respective second messenger. The third and fourth possibilities are "inside/outside" and "outside/inside" a slow accumulation of diacylglycerol. Strikingly, the calcium sensing C2-GFP showed an oscillatory plasma configurations, respectively, with only the calcium or the diacylglycerol-binding sites available for immediate membrane translocation, reminiscent of receptor-triggered calcium spikes ( Figure 1F ).
binding. The interaction of the second site would be initially disabled. Thus, the translocation to the plasma membrane would be mediated by a sequential activation Oscillations in the Translocation of PKC␥ and C2-Domains Are Synchronous process. We investigated the domain accessibility by comparwith Repetitive Calcium Spikes To investigate the oscillatory translocation of the C2-ing the rate of calcium-or phorbol ester-induced plasma membrane translocation of C1 2 -GFP and C2-GFP to that GFP and PKC␥-GFP to the plasma membrane, we microporated the calcium indicator Calcium-Crimson Dextran of PKC␥-GFP. Addition of calcium ionophore to cells expressing C2-GFP or PKC␥-GFP led to a rapid translo-(70 kDa) together with the RNA for either C2-GFP or PKC␥-GFP. After expression of the GFP-tagged protein, cation of both constructs to the plasma membrane (Figure 3B) . In contrast, the addition of the phorbol ester the antigen-induced change in fluorescence of the calcium indicator (excitation at 568 nm) was imaged simulPDBu triggered a rapid translocation of C1 2 -GFP and a markedly slower translocation of PKC␥-GFP. Figure 3C taneously with the translocation of the GFP-tagged proteins (excitation at 488 nm). To reduce the production of shows that PKC␥-GFP translocation is still submaximal after 100 s, while the cytosolic C1-GFP is already maxidiacylglycerol and trigger continuous repetitive calcium spikes, a low concentration of antigen was used (100 mally translocated. A quantitative analysis of the translocation kinetics is shown in Figures 3D to 3F . C2-GFP ng/ml DNP-BSA). The upper panels in Figure 2A show masked ratio-images of the calcium indicator, while the and PKC␥-GFP translocated to the plasma membrane in less than 10 s after addition of calcium ionophore, lower panels show changes in the translocation of C2-GFP at different times after stimulation. A correlation suggesting that the calcium-binding site in the C2-domain is readily accessible in an "outside" configurabetween an increase in calcium concentration and the plasma membrane translocation of C2-GFP can be obtion. The rapid translocation of PKC␥-GFP in response to calcium signals is in marked contrast to its slow transserved. Figure 2B shows typical time courses of calcium spikes location in response to addition of PDBu. While C1 2 -GFP translocated to the plasma membrane in a few seconds versus the plasma membrane translocation of C2-GFP and PKC␥-GFP. The calcium ionophore ionomycin was after PDBu addition, translocation of PKC␥-GFP took more than 100 s to be half completed ( Figure 3E ). This added at the end of the experiment to calibrate the calcium signal and to induce maximal translocation of suggests that the diacylglycerol-binding sites in the C1 2 -domain are in an "inside" configuration and are not the GFP-constructs. The calculated peak amplitudes show that an increase in intracellular calcium of as small readily accessible to interact with PDBu. In control experiments, the joint addition of calcium ionophore and as 200 nM can induce a measurable translocation from cytosol to plasma membrane of either C2-GFP or PKC␥-PDBu translocated all three constructs rapidly to the plasma membrane ( Figure 3F ).
GFP. More importantly, this analysis directly shows that intracellular calcium spikes closely correlate not only
We also tested the effect of the membrane permeant diacylglycerol DiC8 on the kinetics of translocation. Inwith the translocation of C2-domains, but also with the translocation of full-length PKC␥.
terestingly, DiC8 induced only translocation of C1 2 -GFP without showing a measurable effect on PKC␥-GFP (Fig-1991) . In this widely accepted model, activation of PKC occurs by releasing the bound pseudosubstrate domain ure 3G). This lack of translocation is probably due to a lower affinity of PKC for diacylglycerol than for phorbol from the catalytic domain. Taken together with the data in Figure 3 , it is then suggestive to propose that the ester (i.e., Mosior and Newton, 1996) and to the inaccessibility of the diacylglycerol-binding sites in the inactive pseudosubstrate domain not only keeps the protein in the inactive state, but also clamps the C1 2 -domain in protein. Together, these kinetic measurements are consistent with the interpretation that the diacylglycerolits inside orientation.
To test this hypothesis, we removed the V1-domain binding sites in the C1 2 -domain in PKC␥ are in an inside conformation, while the calcium-binding site in the C2-of PKC␥ and compared the PDBu-induced time course of translocation of PKC␥-GFP to that of the deletion domain is in an outside orientation ("inside/outside" model in Figure 3A) . mutant, PKC␥(⌬V1)-GFP ( Figure 4A ). Consistent with the hypothesis, the time required for plasma membrane translocation of PKC␥(⌬V1)-GFP was much more rapid The Pseudosubstrate V1-Domain Clamps than that of PKC␥-GFP. Indeed, the rate of translocation the Diacylglycerol-Binding Sites of PKC␥(⌬V1)-GFP was indistinguishable to that of C1 2 -in an Inside Orientation GFP. As a control, Figure 4B shows that the removal of Previous studies have shown that the variable domain the V1-domain had no effect on the ionomycin-induced (V1) at the N terminus of cPKC contains a basic RKGA translocation. LRQ motif that serves as a pseudosubstrate or autoinIn order to test whether the mechanism that restricts hibitory sequence that binds to the catalytic domain and keeps the kinase in an inactive state (Pears and Parker, the orientation of the C1-domain is indeed a binding interaction between the V1-domain and the catalytic and calcium-binding sites are shown in two schemes in Figure 4D for PKC␥ with and without the pseudosubdomain of PKC␥, we compared the time course for translocation of the two constructs used above but lacking strate V1-clamp. the catalytic domain, C1 2 -C2-GFP and V1-C1 2 -C2-GFP. Figure 5B , brane localized V1-C1 2 -C2-GFP could not be analyzed left panel). As expected, a rapid and maximal translocaby this method since the fraction of residual cytosolic tion of both constructs could be induced by addition of protein was too high. Nevertheless, this analysis supcalcium ionophore ( Figures 5A and 5B, right panels) . The ports the hypothesis that the binding interaction of the partial prelocalization of V1-C1 2 -C2-GFP to the plasma V1-domain with the plasma membrane is significantly membrane strongly suggests that the V1-domain has the weaker than the one mediated by the C2-domain, which capability to selectively bind to the plasma membrane if in turn is weaker than the interaction mediated by the it is not bound to the catalytic domain. C1 2 -domain. Since no plasma membrane prelocalization was observed for PKC␥-GFP in the absence of calcium and Calcium Signals Accelerate PDBu Binding to PKC␥ diacylglycerol signals (see Figure 1B) , it is likely that the Together, the above described results suggest that PKC␥ interaction of the V1-domain with the catalytic domain activation is a result of sequential plasma membraneis much stronger than its interaction with the plasma binding interactions of C2-, V1-, and C1 2 -domains. Can membrane. Furthermore, the only partial prelocalization such a sequential activation model be directly tested? of V1-C1 2 -C2-GFP to the plasma membrane suggests In our working hypothesis, calcium signals would transthat the binding interaction of the V1-domain with the locate PKC␥ to the plasma membrane and serve as a plasma membrane is relatively weak. This was con-"priming factor" for enzyme activation. The V1-domain firmed by fluorescence recovery after photobleaching would then act as a switch that regulates the accessibilmeasurements in which a small region of the plasma ity of the C1 2 -domain. This model would then predict membrane was photobleached and the gradual recovthat an increase in calcium concentration should sigery of the fluorescence intensity of the bleached region nificantly accelerate the more than 100 s delay in the was recorded as a function of time ( Figure 5C Figure 6C show calcium binding to the plasma membrane accelerated PDBu binding, the remaining delay of 10 s can serve as examples of a stabilization of PKC␥-GFP at its peak amplitude, while the third example shows a cell where a potent mechanism to suppress PKC␥ activation in response to short calcium signals. the stabilization occurs halfway during the termination of a calcium spike. In all cells, PDBu induced a rapid Since our results in Figure 3G showed that diacylglycerol alone does not mediate a significant translocation stabilization at the plasma membrane only when PKC␥-GFP was "primed" by a calcium spike. of PKC␥, it becomes important to know for how long diacylglycerol can keep PKC␥ active at the plasma memSince physiological calcium spikes are often very short, it is important to determine how long a calcium brane after termination of a calcium transient. Such a delay in the dissociation could act as a "memory" prospike has to last to allow translocated PKC␥ to interact with diacylglycerol or PDBu that is already present in cess that would allow PKC␥ to integrate the activation signals during high-frequency repetitive calcium spiking. the plasma membrane. The time required for the binding of PDBu was measured by fluorescence photobleaching recovery. Using photobleaching recovery, we observed Diacylglycerol Prolongs the Transient Translocation of PKC␥ during Calcium Spiking a marked difference in the initial rate of fluorescence recovery for PKC␥-GFP targeted to the plasma memWe compared the time required for PKC␥-GFP to dissociate from the plasma membrane after termination of brane by calcium alone (1.35%/s) and by a combination of calcium and PDBu (0.4 %/s) ( Figure 6D ). These rates a calcium spike in the absence and presence of the externally added diacylglycerol DiC8. Low concentrawere measured from five images during the first 4.8 s after the photobleaching pulse. To measure the delay tions of antigen were used in these studies in order to generate repetitive calcium spikes while only generating time for PDBu binding, we determined these initial rates of fluorescence recovery at different time intervals after low concentrations of cellular diacylglycerol. As shown in Figure 7A , PKC␥-GFP rapidly dissociated from the PDBu addition.
Interestingly, the time required for a half-maximal replasma membrane with the termination of each calcium spike. In contrast, when DiC8 was added to cells during duction in the initial fluorescence recovery rate was 10 Ϯ 2 s (Figure 6E) , showing that calcium signals reduce repetitive calcium spiking, the dissociation of PKC␥-GFP was markedly delayed after each spike ( Figure 7B ). the interaction time of PDBu with the C1 2 -domain from approximately 100 s to 10 s. This result is consistent For low antigen concentrations and in the absence of externally added DiC8, the half-maximal dissociation with the measurement in Figure 6C that showed that For RNA transfection using the microporation method, in vitro lead to a small and oscillating cPKC activity with an
